Over the last decade ionic liquids appeared as potential entrainers for extractive distillation processes. However experimental vapor-liquid equilibrium data for ionic liquid containing systems is still scarce since most conventional equilibrium cells are not adequate for these systems. To overcome that limitation a new isobaric microebulliometer, operating at pressures ranging from 0.05 to 0.1 MPa and requiring a sample volume lower than 8 mL was developed and validated in this work. 
Introduction
Distillation is still the most used separation process in the chemical industry and also one of the most energy intensive operations, for which small improvements may turn into large operational and cost advantages. One of the most challenging areas in applying distillation is the separation of azeotropic mixtures. Extractive distillation stands as one of the best approaches to deal with these systems, allowing the entrainer to be kept in the liquid phase from where it is later separated in a secondary distillation and, therefore, be reused. Organic solvents, inorganic salts and hyper-branched polymers have been investigated as entrainers [1] . Recently, ionic liquids (ILs) a novel class of solvents have attracted an increased interest as entrainers for extractive distillation [2] .
Ionic liquids (ILs) are salts composed of large organic cations and organic or inorganic anions that cannot form an ordered crystal and thus remain liquid at or near room temperature. They have been reported to have good entrainer characteristics for azeotrope separation [3] . Their negligible flammability and vapor pressure, high thermal stability and solvating capacity for both polar and non-polar compounds confer them several advantages over other entrainers. Moreover, the physical and corrosion properties are more favorable, for separation processes, than those of the commonly used inorganic molten salts or high-branched polymers [3] . Arlt and co-workers [4] first proposed the use of ionic liquids as potential solvents in extractive distillation to separate water-ethanol mixtures. The authors studied imidazolium-based ILs, with chloride and tetrafluoborate anions, and concluded that these solvents are capable of breaking the water-ethanol azeotrope [4] . A recent work by Rebelo's group [3] reviews the publications on azeotrope breaking using ILs, concluding that imidazolium-based ILs with the chloride anion stands as one of the most promising choices, even over the conventional entrainer, 1,2-ethanediol [4] , or even compared with the most overall effective, CaCl 2 [3] . Nevertheless, and despite the increasing number of publications experimental data is still scarce [5] [6] [7] , to adequately design or select the optimal ionic liquid among the 106 potential ILs [8] . One major issue that limits the measurement of vapor-liquid equilibrium in systems containing ionic liquids is that the available equipments, developed for conventional solvents, require a large sample volume: Wang et al. [9] reported VLE data measured using an apparatus from Tokyo Rika Kikai Co. with a total volume of 500 cm 3 of which about 250 cm 3 is occupied by the sample; Zhao et al. [6] used a dual circulation vapor-liquid equilibrium still, with an approximate total volume of the still of 120 cm 3 , requiring about 80 cm 3 of sample; Chen et al. [10] used recirculation VLE still with internal volume of about 120 cm 3 of which the liquid occupied about 100 cm 3 . The VLE cell used by most researchers on this field such as Alvarez et al. [7] , Andreatta et al. [11, 12] and Calvar et al. [5, 13, 14] is a glass Fischer Labodest equilibrium still that requires a sample volume of circa 35 cm 3 . Consequently, measurements of ionic liquid systems using these equipments are quite expensive and the high viscosity of the mixtures rich in ionic liquid difficult a regular boiling of the mixture.
To overcome these limitations a new isobaric ebulliometer able to operate at pressures ranging from 0.05 to 0.1 MPa, and requiring a sample volume lower than 8 cm 3 was developed, validated and used to determine vapor-liquid equilibria of eight systems of ethanol/water + chloride-based ILs.
Experimental

Materials
Four ILs based on the chloride anion, 1-ethyl-3-methyl imidazolium chloride ([C 2 [Cl], a.k.a. choline chloride), were used in this study. The 1-alkyl-3-methylimidazolium chloride ILs were obtained from Io·li·tec with mass fraction purities higher than 98%. The 2-hydroxy-N,N,N-trimethylammonium chloride was obtained from Sigma-Aldrich with mass fraction purity higher than 99%. To reduce to negligible values both water and volatile compounds, high vacuum (10 −5 mbar), stirring, and moderate temperature (303 K) for a period of at least 48 h were applied prior to the measurements. The final IL water content was determined with a Mettler Toledo DL32 Karl Fischer coulometer (using the Hydranal -Coulomat E from Riedel-de Haen as analyte), indicating a water mass fraction lower than 30 × 10 −6 . The purity of each ionic liquid was further checked by 1 H and 13 C NMR.
The ethanol used was obtained from Merck with mass fraction purity higher than 99.8%. Being highly hygroscopic, the ethanol was kept under low water content through the use of molecular sieves immersed within the compound. Furthermore the ionic liquid, prior to use, was kept under low vacuum (10 −2 mbar). The water used was double distilled and deionized. The decane and pxylene was obtained from Aldrich and Acros Organics respectively, with mass fraction purity higher than 99.8%.
Experimental equipment
A new isobaric ebulliometer able to operate at pressures ranging from 0.05 up to 0.1 MPa, was designed, assembled and tested in our laboratory. The ebulliometer, schematically presented in Fig. 1 , is composed by three sections: a glass sample chamber container, with a total volume of 8 mL, settled inside of an aluminum block placed on top of an heating/stirring plate; a glass condenser, surrounding the top section of the ebulliometer sample chamber, where the temperature is kept constant by means of a thermostatic bath; a liquid sampling/injection, temperature probe and pressure line connections, done by means of vacuum tide teflon sealed ports. Inside the ebulliometer top section a removable glass spiral increases the surface area of the reflux/condenser and the condenser, placed immediately above the sample chamber and connected to a thermostatic bath, assure a better condensation of the vapor phase generated. Some effort was done in the design of this new ebulliometer to have an optimal (low) temperature difference between the evaporation region and the condenser walls in order to establish a regular reflux with a small energy (heat) balance (low recirculation heat and mass flow). This design strategy makes possible the measurement of the equilibrium temperatures in conditions of small fractions of volatile component. The cylindrical aluminum block, with its smooth external wall and the sample chamber placed on its geometrical center, together with the small magnetic stirrer placed inside the ebulliometer sample chamber allows good homogenization of the sample concentration and temperature. The pressure is controlled and kept constant trough a vacuum line, with an internal volume of 5 × 10 −3 m 3 , connected to a Büchi V-700 vacuum pump and V-850 pressure monitoring and controller unit. Pressure measurements are done using a Baratron type capacitance Manometer, MKS model 728A, with temperature regulation at 100 • C to avoid solvent condensation and with an accuracy of 0.5%. The large volume of the vacuum line allows a better pressure regulation. A metallic sealed Pt100 class A temperature probe placed in the aluminum block, close to the ebulliometer cavity, is used to measures and control the temperature of the heater block. The temperature of the liquid phase inside the ebulliometer is measured by means of a fast response glass sealed Pt100 class 1/10, calibrated previously against a calibrated platinum resistance thermometer, SPRT100 (Fluke-Hart Scientific 1529 Chub-E4), traceable to the National Institute of Standards and Technology (NIST), with an uncertainty less than 2 × 10 −2 . A mixture rich in ethanol or water is introduced inside the ebulliometer sample chamber and allowed to reach equilibrium, with constant and smooth boiling. Once the equilibrium is reached, the boiling temperature is measured, the liquid phase sampled and the mixture composition determined through an Anton Paar Abbemat 500 Refractometer, with an uncertainty of 2 × 10 −5 nD, using a calibration curve previously established. This procedure allows the determination of the sample composition within ±0.001 mol fraction. Subsequently, fixed amounts of IL, water or ethanol are introduced into the ebulliometer, to change the mixture composition, and the procedure is repeated. The IL is kept under moderate vacuum (10 −2 mbar) between measurements, to assure no water absorption from atmosphere.
Since no reference data is available on the literature for these systems, and the amount of available data is quite limited, the adequacy of the apparatus to measure this type of systems is here established using the measurements of vapor-liquid equilibrium data for pure compounds (ethanol, water, p-xylene and decane) covering the temperature range of operation of the equipment and the binary systems [C 4 
VLE modeling with the NRTL model
The experimental data gathered was correlated using the NRTL model [16] to predict the non-ideal behavior of the liquid phase solution. This model is based on the local composition concept, to express the effect of the intermolecular forces (short-range) in the non-randomness of the mixtures, using only binary interaction parameters that are estimated from experimental data. For each binary molecular pair i-j, the model has three parameterstwo interaction parameters g ij and g ji and the non-randomness parameter ˛i j (˛i j = ˛j i ). The expressions for the excess Gibbs energy (g E ) and the logarithm of the activity coefficient (ln i ) given by the NRTL model can be written as [17] :
here i, j, k ∈ {1, 2, 3} represent the different molecular species in the mixture (1 -water, 2 -ethanol, 3 -IL), n c corresponds to the number of components and x i refers to molar fractions. Although the NRTL model was not developed to describe the behavior of mixtures containing electrolyte species, it has been applied successfully in systems with ionic liquid solutions [5, 18, 19] . This can be explained by the fact that in ILs the ion charge is usually disperse and the long-range electrostatic forces are weak compared with the short-range intermolecular forces (so that they can be neglected). Therefore, in the present work the liquid solutions were modeled as mixtures of non-dissociated components.
Different approaches have been considered for the parameter estimation problem with the NRTL model, to obtain the best set of parameters that describe the VLE data in systems containing ionic liquids. In the present work, this task was formulated as the solution of a nonlinear programming problem (NLP), using the weighted norm of the differences between the solvent (water or ethanol) experimental mole fractions and the values predicted by the model as the objective function:
In this equation
where the superscripts exp and mod correspond to the solvent experimental and calculated mole fraction values, respectively. The summation in this equation is taken over all VLE data points (l) of each binary molecular pair (water-IL or ethanol-IL), and ω l is a weight factor associated with each error term. The objective function ϕ was minimized by simultaneous determination of all quantities (parameters and model predictions, collectively denoted by z), subjected to constraints of VLE (Eq. (7)), the NRTL activity coefficient model (Eqs. (1)- (6)), sum of molar fraction restrictions, and magnitude bounds for the model parameters g ij . The ˛i j parameters in the model were considered constant, with ˛1 3 = 0.2 and ˛2 3 = 0.3, as suggested by Chapeaux et al. [20] . The weights ω l were considered to be unitary for all data points available.
Results and discussion
Experimental results
In the absence of reference data for VLE of ionic liquid containing systems the new microebulliometer developed on this work was validated on the measurement of boiling temperatures of the pure compounds ethanol, water, p-xylene and decane, chosen to cover the temperature range of operation of the ebulliometer comprised between 310 and 450 K. At each pressure at least 5 boiling temperatures were measured and the average value and the corresponding standard deviation are presented. The deviations against the boiling temperatures estimated from the vapor pressure correlations reported at NIST Webbook of Chemistry [21] and the DIPPR database [22] are shown in Fig. 2 . An uncertainty on the boiling temperatures of ±0. Tables 1-4 and depicted in Fig. 3 the data by Zhang et al. [15] but some deviations are observed between these two sets of data and the data by Calvar et al. [5] that for both this system and the [C 4 mim][Cl] + H 2 O system systematically presents higher boiling temperatures for the higher IL concentrations. These may be due to overheating of the samples due to the difficulty to achieve a regular boiling on a large volume apparatus for these concentrated and viscous solutions.
Experimental isobaric VLE data, at 0.1, 0.07 and 0.05 MPa, were also measured for the systems [ To analyze and compare the interactions water-IL with ethanol-IL and evaluate their impact upon the VLE behavior the activity coefficients of the solvents, water and ethanol, were estimated using the following phase equilibrium equation
where p and p are the pressure of the system and the saturation vapor pressure of the pure component i at the system temperature, x i and y i represent the mole fractions of component i in the liquid and vapor phases, i is the fugacity coefficient of component i in the vapor phase, while ϕ i is the fugacity coefficient of component i in its saturated state. The i and ϕ i are very close to unit for the systems studied at these low pressures and high temperatures. Since the ionic liquid is non-volatile the vapor phase is only composed of solvent and therefore y i is equal to one. Thus, the solvent activity coefficient in solution can be simplified as where subscript i refers to the solvent, water or ethanol. The water and ethanol pure component saturation vapor pressures, p , were calculated using correlations obtained from DIPPR's database [22] . The activity coefficients estimated for the studied systems are presented in Fig. 6 . It can be observed that all the systems present negative deviations to ideality ( < 1), suggesting that the interactions between the ionic liquids and the solvents are favorable. The water + IL systems present activity coefficients that are lower than those for ethanol + IL mixtures denoting, thus, more favorable interactions between the water and the IL than with the ethanol. An almost linear decrease on the activity coefficient of water and ethanol with the increase of the ILs mole fraction is observed between 0.9 and 0.7 mole fraction, in agreement with an increase of the concentration of the ionic liquids and the solvent (water and ethanol) that is an indication of a strong specific interaction of 1:1 between the IL and the solvent. It is interesting to suggest that the decrease of the activity coefficient is pointing out to maximum activity for a mole fraction around 0.33 (2 ILs:1 H 2 0/ethanol), indicating the right molecular ratio between the IL and the (H-bond) solvent.
As expected from the boiling temperatures presented in Fig. 4 , and confirmed by the activity coefficients of Fig. 6 , the choline chloride, albeit presenting favorable interactions with the water, present interactions clearly less strong than those of imidazolium based ionic liquids. This, along with the very high melting point of this compound and its poor solubility in ethanol suggests that choline chloride is the worst option, among the ionic liquids studied on this work, for breaking the ethanol-water azeotrope.
The strong negative deviations to the ideality, with activity coefficients for equimolar mixtures below 0.5, are not particular for the systems here reported but can be found in a large number of isobaric VLE systems containing ionic liquids previously reported in the literature [3, 5, 7, 14] .
An evaluation of the influence of the pressure on the VLE of the studied systems, presented in Figs. 3 and 4 , shows that the pressure drop leads to lower boiling points, as would be expected from Eq. (9) . Although the boiling points decrease with the pressure, the same behavior is not observed for the activity coefficients. As depicted in Fig. 7 , the differences between the activity coefficients at the various pressures are quite small, often within the experimental uncertainty, what is in good agreement with the excess volumes observed for the systems studied.
Relatively to the numerical solution of the NLP problem in Eq. (2), which often leads to multiple local optimal solutions, this was implemented in GAMS [21] , and tackled using the CONOPT [23] and OQNLP [24] solvers. The computer requirements for the parameter estimation task were of the order of one second of CPU for CONOPT and were allowed a maximum of 60 CPU minutes for the runs with the OQNLP solver, on an Intel Xeon 5570 Linux workstation. By taking advantage of the multistart feature of the OQNLP solver, an extensive search for alternative solutions was performed within the computation time established. The values of the local optima solutions found were recorded and sorted by their quality (decreasing value of * ). Table 9 summarizes the best set of values that were found for the NRTL parameters of the systems under study The solutions delivered by CONOPT corresponded typically to the best local solutions known for each problem. 
for each water-IL and ethanol-IL binary systems and pressure datasets. In the T-x binary diagrams for the different ionic liquids in Figs. 1-6 , it can be observed that the NRTL model is consistently able to provide a good fit of the experimental data. Nevertheless, it should be noted that the binary parameter values reported here were obtained considering only binary data, and consequently should be used with care in extrapolations to ternary systems and for solvent mole fractions outside the regions where they were correlated.
Conclusions
A new microebulliometer for the measurement of the boiling temperatures of ionic liquid systems was developed and validated with success. It allows the measurement of VLE data for solutions of ionic liquids in volatile solvents using small quantities of ionic liquids.
Boiling temperatures for systems of four chloride containing ionic liquids with water and ethanol are reported, with six of these systems reported for the first time in the open literature. The results show that the activity coefficients for these systems are temperature dependent, suggesting that these systems present positive excess enthalpies.
The VLE parameters in the NRTL model for water-IL and ethanol-IL binary pairs for four different ionic liquids were estimated by minimizing a weighted sum of squared residuals of the molar fractions of the solvent (water or ethanol). A good fit of the experimental data was obtained, which makes the NRTL model suitable to support the preliminary design of extractive distillation schemes, considering these ILs as potential entrainers.
